Portal vein embolization (PVE) improves the safety of major hepatectomy through hypertrophy of the future liver remnant (FLR), atrophy of the liver volume to be resected, and improvement in patient selection. Because most patients with hepatocellular carcinoma (HCC) have liver parenchymal injury due to underlying viral hepatitis or alcoholic liver fibrosis/cirrhosis, indication of PVE is relatively complex and sequential procedures, including transarterial chemoembolization, are required to maximize the effect of PVE as well as to minimize tumor progression due to increased arterial flow after PVE. PVE is currently indicated for patients with relatively well-preserved hepatic function [Child-Pugh A and indocyanine green tolerance test (ICG-R15) <20%] to achieve minimal FLR volume for safe major hepatectomy. FLR volume >40% is the minimal requirement for patients with chronic hepatitis or cirrhosis, and further strict criteria (FLR volume >50%) have been recommended for patients with marginal liver functional reserve (ICG-R15, 10-20%). Recent clinical results have suggested that PVE can be safely performed in patients with HCC and that it contributes to improved survival after major hepatectomy.
Introduction
Although hepatic resection is the only curative treatment option for large hepatocellular carcinoma (HCC), it is often precluded by the presence of underlying chronic liver disease. Major hepatic resection in patients with liver fibrosis or cirrhosis can lead to an abrupt increase in portal venous pressure and insufficient hepatic functional reserve, both of which increase postoperative morbidity and mortality. To overcome these issues, portal vein embolization (PVE) has been increasingly used to induce volume growth of the future liver remnant (FLR) and atrophy of the liver to be resected. Since its original description for hilar cholangiocarcinoma, indications for PVE have expanded to include any primary or metastatic liver cancer requiring better FLR prior to attempted resection [1, 2] . In this review, we highlight the indications, technical details, and clinical outcomes of PVE for patients with HCC.
Atrophy-Hypertrophy Complex and Liver Regeneration
The atrophy-hypertrophy complex refers to the liver's response to hepatocellular loss by controlled restoration of liver parenchyma [3] . Regardless of the cause of cellular loss in the liver, hypertrophy is relatively constant when there is a minimum amount of functional liver remnant. Occlusion of the portal vein induces hepatic ischemia, resulting in progressive anoxia especially in the pericentral regions of the liver lobule [4, 5] . Atrophy in the embolized part of the liver occurs due to necrosis and/or apoptosis of hepatocytes through ischemia/ reperfusion injury. Volume increase in the nonembolized liver is simultaneously induced by increased endothelial shear stress, hepatocellular swelling, and activated growth factors/ cytokines due to increased portal flow [3] .
Volume growth in FLR and atrophy of the embolized liver usually occur as a mirror image ( fig. 1 ), and these reportedly continue for at least one year after PVE [6] . Generally, the regeneration curve shows a nonlinear pattern characterized by (i) initial rapid growth within 3-4 weeks postPVE, (ii) a plateau period 5-8 weeks postPVE with minimal changes in FLR, and (iii) steady regrowth thereafter [6, 7] . Therefore, in some cases with unsatisfactory FLR regeneration, waiting beyond 8 weeks might yield the targeted FLR volume. While waiting for further FLR growth, local disease progression can be controlled by transarterial chemoembolization (TACE).
Rationale and Indications for PVE
Because the underlying liver is frequently impaired due to chronic hepatitis B, hepatitis C, or alcoholic fibrosis in patients with HCC, indications for PVE for HCC are relatively complex. PVE should be considered from the viewpoint of hepatic function, minimum volume requirement, and vascular anatomy ( fig. 2 ).
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Functional criteria
Major hepatectomy is not indicated for patients classified as Child-Pugh B or C. In addition, patients with signs of established portal hypertension (i.e., thrombocytopenia, splenomegaly, esophageal varices, or portosystemic shunt) are also not suitable for PVE. Furthermore, even among patients classified as Child-Pugh A, those with indocyanine green tolerance test (ICG-R15) >20% are not candidates for major hepatectomy postPVE.
FLR criteria
Inadequate FLR is a well-known cause of postoperative hepatic insufficiency and postoperative death from liver failure. One study investigating variation in FLR volume reported that 10% of patients undergoing right hemihepatectomy and 75% of those undergoing right trisectionectomy had FLR volume ≤20% [8] . To date, FLR volume >40% has been recommended in patients with chronic hepatitis or cirrhosis [9] [10] [11] , and our previous study confirmed a substantial postPVE risk reduction in patients with prePVE FLR volume ≤40% [12] . However, for patients with marginal hepatic functional reserve with ICG-R15 of 10-20%, FLR >50% has been recommended by several authors [9, 13] .
Beyond the size criteria, adequate FLR must have regenerative capacity. Ribero et al. reported that the degree of hypertrophy (DH) in FLR volume postPVE may independently predict the surgical outcome [7] . PostPVE DH >5% plus FLR >20% predicted good postoperative outcomes with high specificity and sensitivity in patients with normal liver function. However, the cutoff value for DH in patients with chronic liver disease remains unclear. Our preliminary results in a small cohort of patients with HCC (n = 32) have shown that DH >10% is the best cutoff value to prevent postoperative hepatic insufficiency (unpublished data).
Anatomic criteria
With recent advancements in embolization techniques, PVE can be performed relatively safely with minimal risk of complications [7] . However, this procedure is contraindicated in patients with tumor thrombi extending to the portal pedicle for FLR or in those with a rare vascular anomaly, including lack of portal bifurcation [14] or lack of intrahepatic portal vein (Abernethy anomaly [15] ). Therefore, precise anatomic assessments and technical planning (i.e., approach and portal branches to be embolized) using enhanced computed tomography (CT) and/or ultrasonography are unavoidable before PVE. 
Technique and Approach to Optimizing FLR Regeneration
Volumetry and calculation of standardized FLR CT volumetry estimation of FLR pre-and post PVE is essential for selecting patients for PVE and to assess its effects. Volume measurement is usually performed using either the conventional hand-trace method [9] or the recently developed three-dimensional liver simulators [16, 17] , according to local expertise. The FLR volume is then standardized using the ratio to total liver volume [9] or standard liver volume, which is calculated by relevant formulas [18] .
Basic approach and embolization technique
There are three main approaches for PVE-transileocolic PVE, ipsilateral percutaneous transhepatic PVE (ipsilateral PTPE), and contralateral PTPE. Advantages and disadvantages of these three approaches are summarized in table 1.
In general, ipsilateral PTPE is the most technically demanding approach but is currently the most preferred because of its low invasiveness and easier access to segment 4 portal vein branches. The ipsilateral PTPE approach was first described by Nagino et al. [19] in the mid-1990s, and it is now utilized worldwide [20] [21] [22] . Portal venous access is obtained via the tumor-bearing side of the liver rather than FLR. One major advantage is that possible injury to FLR or risk of portal vein thrombosis on the FLR side can be minimized. In addition, if embolization of segment 4 portal pedicles is required, more straightforward access to the segment 4 portal veins can be obtained. At our institution between 1995 and 2011, 228 patients underwent embolization of the right portal vein + segment 4 portal veins using the ipsilateral percutaneous approach for potentially resectable tumors. Among these, PVE was completed in 226 (99.2%), and postprocedure complication was observed in 11 (4.8%) patients. Major complications requiring surgical management were observed in only two (0.9%) patients with portal vein thrombosis secondary to PVE.
Additional methods to optimize FLR regeneration rate 1. Segment 4 embolization
The additional effect of embolization of segment 4 on right PVE was first reported by Nagino et al. investigating the hypertrophy ratio of the left lateral section (segments 2 + 3) postPVE. In their report, right PVE extending to segment 4 branches achieved a 50% increase in the FLR volume compared to that with right PVE alone, which achieved a 31% increase (P < 0.0005) [23] . A later study from our institution confirmed similar results with an increased FLR volume of 54% vs. 26% (P = 0.02) [24] .
Small spherical particles for embolization
Various embolic materials have been used for PVE. However, recent studies have confirmed that there is a difference in the embolic effects of different embolic materials. Madoff et al. demonstrated that embolization with small spherical particles provided improved hypertrophy (69%) and resection rates compared with that with larger, nonspherical particles in patients undergoing right PVE + segment 4 embolization (46% increase, P = 0.001) [21] .
Sequential TACE and PVE
In patients with cirrhosis, liver regeneration may be impaired, causing concerns about tumor progression during the postPVE treatment break. To decrease the time without therapy, sequential use of TACE and PVE has been utilized for HCC. First, selective TACE is performed for the segments containing the HCC tumor (s). In the case of large HCCs, the tumor is often fed by other arterial branches such as a branch of segment 4 or the right inferior phrenic artery. These arterial branches need to be embolized in addition to maximization of chemoembolization delivery to the tumor. Although interinstitutional interval between TACE and PVE varies, PVE can be performed as early as 7-10 days after TACE [25] . A recent study showed that sequential TACE and PVE is superior to PVE with regard to the FLR regeneration rate and in disease-free survival (DFS) after surgery [26] .
Hepatic vein embolization
In a small pilot study of 12 patients, Hwang et al. [27] reported that hepatic vein embolization following PVE may accelerate FLR regeneration. With limited clinical evidence, hepatic vein embolization remains investigational in its use as an adjunct after PVE for patients with insufficient FLR growth.
5. Associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) approach to achieve rapid FLR hypertrophy European groups have recently reported a novel approach to rapid liver regeneration in patients undergoing extended right hepatectomy, termed "ALPPS " [28] Surgeons perform right portal ligation and in situ splitting of the liver parenchyma on the right side of the umbilical portion of the portal vein. After median hospitalization of 9 days, patients were readmitted to the operating room for step 2 of the staged operation for extended hepatectomy. The first case series reported a median volume increase rate of 74% after step 1 of this single-hospitalization staged procedure. Indeed, this approach may be an option for patients with very small FLR. However, reported major morbidity and mortality rates were as high as 40 and 12%, respectively, with the latter being more than five times the national mortality rate for hepatectomy in the US [29] . Further investigation is needed before considering this procedure for HCC with underlying chronic liver disease, which may not regenerate in the 9-day time frame. 
Clinical Outcomes
Long-term outcome
In contrast to biliary cancer or colorectal liver metastases, the number of reports on the long-term outcomes for HCC is relatively limited (table 2) . However, reported outcomes suggest that major resection for HCC postPVE may yield satisfactory long-term outcome that is comparable to or even superior to major resection without PVE [12, 25, 26, [30] [31] [32] [33] . This would imply that patients who would otherwise have unresectable tumors without PVE may have similar postoperative oncologic outcomes to patients with resectable tumors who did not need PVE.
Tumor growth after PVE and rationale for TACE + PVE
Because HCC is a hypervascular tumor, hemodynamic modulation by PVE may cause compensatory increase in the arterial flow to the tumor, which could trigger an increase in the tumor size. Although clinical data on tumor growth after PVE are scarce, Hayashi et al. reported that HCC tumor growth was accelerated 2.65-fold after PVE in six patients, while the acceleration rate was only 1.16-fold in two patients with intrahepatic cholangiocarcinoma [34] . They concluded that hemodynamic modulation after PVE may facilitate HCC tumor progression. Aoki et al. reported that resected specimens demonstrated >70% necrosis in 75% of patients undergoing sequential TACE and PVE and that tumor markers (alpha-fetoprotein and des-gamma carboxyprothrombin) were significantly suppressed after these procedures [25] . Similarly, Ogata et al. reported high complete tumor necrosis rates (83%) and better diseasefree survival in patients treated with sequential TACE and PVE [26] . Although validation with a larger cohort is needed, these clinical results suggest that sequential TACE and PVE may have oncologic advantages beyond their accelerative effects in volume regeneration.
Conclusions
PVE can be safely performed in patients with HCC and can increase the number of candidates for major and extended hepatectomy. By testing the degree of hypertrophy of FLR, PVE can help decrease posthepatectomy mortality through more careful patient selection. By stimulating hypertrophy of FLR to an adequate volume, PVE can decrease postoperative hepatic insufficiency and posthepatectomy mortality. Although there is concern regarding HCC progression associated with postPVE hemodynamic changes [34] , prePVE TACE may offer improved pathologic tumor response and possibly better surgical outcomes. Optimization of the PVE technique to include small spherical embolization particles [21] , segment 4 embolization [23, 24] , and sequential TACE and PVE [25, 26] has improved the FLR regeneration rate. With extended use of PVE for HCC in the future, more patients with inadequate FLR may become candidates for safe resection and enjoy longer survival postresection.
